Cell size varies widely among different organisms as well as within the same organism in different tissue types and during development, which places variable metabolic and functional demands on organelles and internal structures. A fundamental question is how essential subcellular components scale to accommodate cell size differences. Nuclear transport has emerged as a conserved means of scaling nuclear size. A meiotic spindle scaling factor has been identified as the microtubulesevering protein katanin, which is differentially regulated by phosphorylation in two different-sized frog species. Anaphase mechanisms and levels of chromatin compaction both act to coordinate cell size with spindle and chromosome dimensions to ensure accurate genome distribution during cell division. Scaling relationships and mechanisms for many membrane-bound compartments remain largely unknown and are complicated by their heterogeneity and dynamic nature. This review summarizes cell and organelle size relationships and the experimental approaches that have elucidated mechanisms of intracellular scaling. 
INTRODUCTION
Size poses a fundamental problem in biology at multiple levels: How are the dimensions of an organism, its constituent cells, and in turn the cellular contents controlled? Eukaryote size spans many orders of magnitude from the smallest algae (Ostreococcus tauri, 8 × 10 −7 m) to the largest mammal (blue whales, 30 m). Among animals, size is determined by the amount of constituent tissues, whose sizes, in turn, are determined by tightly controlled parameters of cell growth, division, and survival (for reviews see Conlon & Raff 1999 , Day & Lawrence 2000 , O'Farrell 2004 , Raff 1996 , Savage et al. 2007 , Sugimoto-Shirasu & Roberts 2003 . Although larger animals generally contain more, but not necessarily larger, cells, cell size varies dramatically. Single dividing animal cells range in diameter from a few micrometers to more than a millimeter, in the case of amphibian eggs. Despite the fact that all eukaryotic cells contain similar components, very little is known about size control at the subcellular level. How are cellular structures and organelles adjusted to different-sized cells to ensure proper function and viability? Cellular-subcellular size relationships and the underlying control mechanisms responsible for scaling are the subjects of this review.
Cell Size
Within a given unicellular species or cell type of a multicellular species, cell sizes tend to fall within a narrow range, which implies that size is a regulated, optimized property. This is logical considering that the proliferative and metabolic functions of cells are sensitive to the surface area-to-volume and DNA-to-cytoplasm ratios (Sudbery et al. 1980 , Weiss et al. 1975 . But very little is known about cell size control in general, despite the fundamental importance of the problem. For instance, why are diploid cells of such different sizes present in the same animal?
The mechanisms by which growth and division are coordinated in proliferating cells to maintain or change cell size have been examined in a variety of systems ( Jorgensen & Tyers 2004 , Martin & Berthelot-Grosjean 2009 , Moseley et al. 2009 , Reynolds et al. 1998 , Tzur et al. 2009 , Umen 2005 , Weart et al. 2007 ). In many situations, it is unclear to what extent cells autonomously sense and regulate their own size or respond to environmental cues. Cell size changes occurring normally or in disease may result from alterations in growth or division rate, or in both. However, the physiological consequences of cell size are poorly understood. In budding yeast, large cell mutants grow, divide, and age faster than smaller cells, which exhibit longer replicative life spans (Yang et al. 2011) .
How is cell size determined? Cells from different species range more than a thousandfold in size. The strong positive correlation between genome and cell size was recognized more than a century ago and is supported by abundant data (Gregory 2001 (Gregory , 2011a Horner & Macgregor 1983) . Across the five orders of magnitude spanning eukaryotic genome sizes, organisms with larger genomes tend to have larger cells. Interestingly, no relationship exists between genome size and the number of coding genes or the organismal complexity. This observation is termed the C-value paradox, and possible explanations for how it arose have been reviewed elsewhere (Gregory 2001 (Gregory , 2005 .
Although it is tempting to conclude that genome size determines cell size, the relationship between these parameters is correlative, and counterexamples exist. Rounds of DNA replication without cell division (endoreplication) occur in many species during growth of terminally differentiated cells, and DNA content can be 1,000 times the normal chromosome number (ploidy), as is the case for placental trophoblasts (Edgar & Orr-Weaver 2001) . However, embryonic development and cell differentiation are often associated with dramatic cell size changes that are independent of alterations in genome content (Altman & Katz 1976) , cell size and ploidy frequently fail to correlate in plants ( Sugimoto-Shirasu & Roberts 2003) , and cancer cells are often enlarged independent of gross changes in ploidy (Cremer et al. 2003 , Tapon et al. 2001 , Zink et al. 2004 . Conversely, in some cases, experimentally altering ploidy leaves cell size unchanged (Leiva-Neto et al. 2004 , Schnittger et al. 2003 . Clearly, genome size is not the only determinant of cell size, and it appears to act rather as a constraint on the minimum size of the cell. Many factors likely contribute to cell size regulation, and the specific mechanisms at work depend on the type of cell and its environmental context. Many important open questions remain in the field of cell size control, and it is interesting to note how few biologists study cell growth control compared with the large numbers that study cell division, even though both processes are equally important for organ, organism, and cancer growth.
Subcellular Size
Given the tight regulation of cell size and the implication that cell size is critical for function, sizes of intracellular organelles and substructures also must be regulated appropriately to sustain cell physiology and division. As with cell size, the fact that some organelles assume a narrow distribution of size or number suggests that active mechanisms are at play. Dynamic changes in cell size that occur during development, division, and differentiation necessitate dynamic alterations of intracellular architecture and dimensions, but the underlying mechanisms are largely unknown.
Organelle scaling refers to the phenomenon that the size and/or number of organelles and other subcellular structures generally correlate positively with cell size. Larger cells may have proportionately larger or more abundant organelles to accommodate the increased metabolic or specific functional requirements of the cell. However, these correlations are not absolute and for some organelles have not even been investigated, but the phenomenon of scaling provides a useful framework for understanding organelle size control.
A thorough characterization of size scaling for any organelle ideally involves three aspects. The first requirement is a robust system that exemplifies scaling, for instance by comparing organelle size differences in different species, developmental stages, cell types, or differentiation or disease states. Implicit in this approach is the need to accurately and preferably easily quantify organelle size, number, and morphology. For some organelles, scaling relationships have been well documented, but information on others is lacking, a limitation that may be remedied by the latest imaging and computational technologies. The second requirement is the ability to dissect mechanism, most easily accomplished in systems amenable to genetic or biochemical manipulation. Through screening or candidate approaches, factors or activities responsible for the observed scaling can be identified. Ideally, comparisons are made between closely related species, or between different cell types or contexts within the same species, to simplify identification of differences responsible for the observed size scaling. Last, by modulating scaling relationships in vivo, functional consequences can be revealed that elucidate how organelle size impacts cell size and function. The functional relevance of size scaling for most organelles has not yet been demonstrated.
In this review, we summarize experimental systems and approaches that have provided insights into intracellular scaling. We focus on organelles and structures for which cell-scaling relationships have been established, including the nucleus and elements of the mitotic apparatus. Underlying molecular mechanisms and specific scaling factors have been determined in only a few cases, but general principles are beginning to emerge.
NUCLEAR SCALING Nuclear Structure and Dynamics
Most eukaryotic cells contain a single nucleus responsible for storage and maintenance of the genomic DNA. The nuclear envelope (NE) is composed of a double lipid bilayer. The outer NE is continuous with the endoplasmic reticulum (ER), and the inner NE is typically lined on its nucleoplasmic face by the nuclear lamina, a meshwork of lamin-intermediate filaments that imparts structure and organization to the nucleus (Gruenbaum et al. 2005) . Proteins localized to the outer nuclear membrane generally exchange freely with the ER, whereas inner nuclear membrane proteins interact with the lamina and chromatin (Zuleger et al. 2011) . Inserted into the NE are nuclear pore complexes (NPCs) that mediate transport of proteins into the nucleus and export of proteins and RNA into the cytoplasm. Nuclear transport pathways have been reviewed extensively (Madrid & Weis 2006 , Stewart 2007 . In metazoan organisms that undergo an open mitosis, the NE breaks down as cells enter mitosis and reforms around daughter cell chromosomes, as ER tubules targeted to the chromatin are converted into membrane sheets (Anderson & Hetzer 2007) . This is followed by NPC assembly (D'Angelo et al. 2006 ). Subsequently, the NE expands, dependent on active protein import, to reach a steady-state nuclear size (Neumann & Nurse 2007 , Newport et al. 1990 ). The situation is somewhat different in the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, which lack an obvious lamina and undergo a closed mitosis in which the NE does not break down.
In general, nuclear size correlates with cell size over a wide range of species and cell types (Gregory 2005 (Gregory , 2011b Wilson 1925 ). As discussed above, genome and cell size correlate, so species with larger genomes generally possess larger nuclei. Although this suggests that genome size (Baetcke et al. 1967 , Cavalier-Smith 1982 , Gregory 2005 or ploidy (Fankhauser 1945 , Henery & Kaufman 1992 might determine nuclear size, these are only correlations, and many exceptions exist. In contrast, it has long been appreciated that the karyoplasmic ratio, the ratio of nuclear to cytoplasmic volumes, is maintained at a constant value within a specific cell type (Wilson 1925) . Classic transplantation experiments support the idea that cytoplasmic volume and components regulate nuclear size. Heterokaryons formed by fusing hen erythrocytes with HeLa cells resulted in expansion of the erythrocyte nucleus (Harris 1967) . Similarly, somatic nuclei grew when injected into Xenopus laevis eggs or oocytes (Merriam 1969) . In some cell types, nuclear size correlates with the ratio of RNA:DNA, expression of ribosomal genes, and general transcription rate (Sato et al. 1994 , Schmidt & Schibler 1995 . More recent studies support the notion that DNA content sets a minimum limit, whereas cellular factors predominantly determine nuclear size.
Scaling by Cytoplasmic Volume in Yeast
Yeast offers a powerful genetic system to investigate scaling, because cell size can be altered readily by mutation or growth conditions. such a study in the budding yeast, S. cerevisiae ( Jorgensen et al. 2007) . They showed that cells with increased size had larger nuclei, whereas small cells had smaller nuclei, such that a constant nuclear-to-cell volume (N/C) ratio was maintained (Figure 1a) . Interestingly, the size of the nucleolus, a compact chromatin domain within the nucleus in which ribosomal RNA is transcribed and assembled, also scaled with cell and nuclear size. In growing wild-type cells, nuclear size increased throughout the cell cycle, maintaining roughly the same N/C ratio. Importantly, there was no abrupt increase in nuclear volume during S phase, as might be expected if bulk DNA directly affected nuclear size. Although diploid cells and nuclei were proportionately larger than haploids, the impact of ploidy on nuclear size is likely indirect, perhaps through a mechanism raising the cell size threshold for initiation of DNA replication ( Johnston et al. 1979) . Thus, nuclear size in budding yeast appears to be determined by cell volume and not by the amount of DNA.
In experiments performed in fission yeast, Neumann & Nurse (2007) ( Jorgensen et al. 2007) , though the underlying mechanisms are unknown. (b) In a fission yeast multinucleate branching mutant, nuclei positioned at the intersection of multiple branches are larger than nuclei located at the end of one branch (Neumann & Nurse 2007) . This result provides support for the idea that cytoplasmic volume controls nuclear size. (c) An adaptation of the Schizosaccharomyces pombe system for studying nuclear scaling involves centrifugation of multinucleate cells to cause uneven distribution of nuclei. Upon cell division, cells with varying nuclear-to-cell volume (N/C) ratios are generated. Nuclei in cells with a low N/C ratio undergo expansion, while nuclei in cells with a high N/C ratio do not change size until a wild-type N/C ratio is generated through cell growth, which shows the dynamics of nuclear scaling (Neumann & Nurse 2007) . Again, the underlying mechanisms are unknown, although nucleocytoplasmic transport appears to play a role.
expanded upon results from budding yeast. Across a 35-fold range of S. pombe cell sizes, a constant N/C ratio was maintained. In a mutant strain induced to overreplicate its DNA, a 16-fold increase in DNA content had little effect on nuclear size. The authors went on to show how cytoplasmic volume affects nuclear size by using a cytokinesis mutant to generate multinucleate cells. Within the same cell, nuclei surrounded by a greater proportional amount of cytoplasm were larger than nuclei exposed to smaller cytoplasmic volumes. The same was true in a branching mutant that generated an additional growth zone in the middle of the cell in which nuclei became even larger (Figure 1b) . To uncouple cell and nuclear growth, nuclei in multinucleate cells were displaced by centrifugation, and then cells were allowed to divide, which generated cells with variable N/C ratios. In cells with proportionately larger amounts of cytoplasm, nuclei expanded rapidly to restore a normal N/C ratio, which indicates that the rate of growth of the nucleus can exceed that of the cell (Figure 1c) . Nuclear growth was arrested in cells with high N/C ratios until cell size increased sufficiently, which shows that nuclei do not shrink under these conditions. These experiments established that nuclear growth depends on cell growth and that the two are not directly coupled.
The mechanisms that account for nuclear scaling in either yeast remain unclear. Consistent with the idea that NE expansion is a result rather than the cause of nuclear growth, mutations in budding yeast upregulating phospholipid synthesis caused proliferation of NE and ER membrane, but a wild-type N/C volume ratio was maintained (Webster et al. 2010) . Similarly, membrane overproliferation in fission yeast, which might be expected to increase NE surface area, had little effect on nuclear size, and instead NE sheets accumulated around the nucleus (Lum & Wright 1995 , Tange et al. 2002 . Varying growth rate and blocking nuclear export both failed to uncouple cell and nuclear size regulation in budding yeast ( Jorgensen et al. 2007 ). In contrast, although disrupting actin or microtubule polymerization had no effect, blocking nuclear export increased nuclear size and the N/C ratio in fission yeast (Neumann & Nurse 2007) . This result provided an important clue that nucleocytoplasmic transport plays a role in nuclear scaling.
Nuclear Import Is a Scaling Mechanism in Xenopus
Molecular mechanisms underlying nuclear scaling have been discovered through experiments with Xenopus eggs and embryos, which provide unique and powerful in vitro approaches (Levy & Heald 2010 ). The cells, eggs, and nuclei of the diploid Xenopus tropicalis are smaller than those of pseudotetraploid X. laevis. Egg extracts from both frogs contain all the cytoplasmic components to assemble thousands of nuclei but lack chromosomes, so nuclear assembly is initiated by addition of an exogenous source, usually demembranated Xenopus sperm. Levy & Heald (2010) recapitulated nuclear scaling between the two species in vitro (Figure 2a) . Using the same chromatin source, X. laevis sperm, nuclei assembled in X. laevis egg cytoplasm expanded more rapidly than in X. tropicalis cytoplasm, generating nuclei with more than twice the NE area. Mixing experiments with the two extracts produced a graded effect on nuclear size, which demonstrates that titratable cytoplasmic factors determine nuclear size. Importantly, when nuclei were assembled with X. tropicalis sperm that had approximately half the DNA content of X. laevis sperm, nuclear size was only slightly smaller, which demonstrates that, as in yeast, cytoplasm has a greater effect on nuclear size than bulk DNA content.
Differences in nuclear import rates correlated with nuclear size (Levy & Heald 2010) . A candidate approach was taken that identified two nuclear import factors, importin α and Ntf2, whose levels differed between the two extracts. Changing the concentration of these two proteins was nearly sufficient to account for the differences in import and nuclear size between the two species. Whereas importin α levels modulated bulk import rates, Ntf2 acted by reducing import of large cargo molecules. A Nuclear scaling in Xenopus. (a) Comparing Xenopus laevis and X. tropicalis provides a powerful approach with which to investigate intracellular scaling. Egg extracts from these two related species recapitulate scaling in vitro, as shown here for nuclear scaling. Addition of X. laevis sperm (blue, S-shape) to each extract generates different-sized nuclei, visualized by immunofluorescence using an antibody against the nuclear pore complex (NPC). This assay can be utilized to identify the underlying scaling factors. (b) Nuclear import contributes to nuclear scaling in Xenopus. Higher importin α levels in X. laevis correlate with greater bulk import, whereas higher Ntf2 levels in X. tropicalis reduce import of large cargoes. Manipulating the levels of these two factors in extracts was nearly sufficient to account for the difference in nuclear size between the two species. One import cargo regulated by these factors and critical for determining nuclear size is lamin B, which illustrates a role for nuclear import cargoes in nuclear scaling. (c) Early X. laevis development offers another cell-scaling system, as the initially large fertilized embryo undergoes many cell divisions with little overall growth to generate much smaller blastomeres. Nuclear size scales smaller as cell size decreases during early development. Decreases in bulk import and importin α levels correlate with reductions in nuclear size, and increasing the importin α concentration by embryo injection concomitantly increases nuclear import and size (Levy & Heald 2010) .
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B-type nuclear lamin protein was one import cargo responsible for mediating these nuclear size differences (Figure 2b) . These experiments provided mechanistic insight into an example of interspecies nuclear scaling and highlighted a physiologically relevant role for nuclear import and for components of nuclear structure such as the lamina. Another useful cellular scaling system is early embryo development, in which cell divisions are rapid with little or no overall growth. In X. laevis, the ∼1-mm-diameter fertilized egg undergoes 12 rapid cleavages to produce thousands of 50-μm cells by the midblastula transition (MBT). Levy & Heald (2010) observed nuclear size scaling during development, and reductions in nuclear size, bulk import, and importin α levels all correlated (Figure 2c ). Nuclear size in the embryo was sensitive to importin α levels, as its ectopic expression in MBT embryos increased nuclear size. At later developmental stages, ectopic Nuclear pore complexes (NPCs) and import cargoes contribute to nuclear scaling. (a) In Tetrahymena, the sizes of macronucleus (MAC) and micronucleus (MIC) nuclei are regulated by NPC differences, depicted as different colors in each nucleus. These NPCs direct import of unique importin α isoforms that, in turn, mediate import of nucleus-specific H1 isoforms, which control nuclear size (Iwamoto et al. 2009 , Shen et al. 1995 . (b) Drosophila cellularization is accompanied by an increase in nuclear volume and change in nuclear shape. Import of kugelkern, a protein with structural homology to the lamins, appears to regulate this developmental change in nuclear size (Brandt et al. 2006) . Abbreviations: H1 M , macronucleus-specific H1; H1 m , micronucleus-specific H1.
expression of both importin α and lamin B was necessary to increase nuclear size, which suggests that structural elements of the nucleus also become limiting. As with interspecies scaling, developmental nuclear scaling in Xenopus involves changes in nuclear import capacity and in the lamins. However, this import pathway could not account fully for nuclear size changes during development, which leaves open questions about what roles nuclear export or membrane availability might play, as well as about other novel scaling mechanisms.
Nuclear Pore Complexes Contribute to Nuclear Size Control in Tetrahymena
Tetrahymena thermophila offers a unique system in which to investigate mechanisms of nuclear size control within the same cell. A ciliated protozoan, Tetrahymena possesses two morphologically and functionally distinct nuclei. The micronucleus (MIC) is small and transcriptionally inert, and it contains a diploid genome originating from the zygote. The macronucleus (MAC), however, is much larger, as it is generated by programmed DNA rearrangements and amplifications. Linker histone H1 was shown to be a nuclear scaling factor in this system. Different H1 isoforms are targeted specifically to each nucleus, and deleting one nucleusspecific isoform enlarged that nucleus without affecting the size of the other (Shen et al. 1995) . Interestingly, NPC differences in the MAC and MIC nuclei determine correct H1 targeting (Iwamoto et al. 2009 ). Nucleoporin domainswapping experiments showed that MAC nuclei contain NPCs composed of nucleoporin isoforms that mediate transport by a subset of importin α transport receptors responsible for importing MAC-specific H1. Conversely, NPCs in MIC nuclei recognize a different set of importin α isoforms that import MICspecific H1. This example illustrates a different way in which nuclear import can contribute to nuclear scaling, ultimately through altered NPC composition (Figure 3a) . NPC differences also contribute to interspecies nuclear scaling in Xenopus, in which high Ntf2 levels were associated with reduced import of larger cargoes, such as lamins (Levy & Heald 2010 ).
Mechanism and Function of Nuclear Scaling
Taken together, these studies reveal that cellular factors, and not genome size, are the predominant regulators of nuclear scaling, with nuclear import emerging as a common mechanism. Control is mediated in part by the transport receptors themselves, determined by which isoforms are expressed and at what levels. The NPC is also relevant, as it modulates the identity and size of cargoes that are imported, and manipulating its composition can cause concomitant changes in nuclear size in plants as well as in Xenopus (Tamura & Hara-Nishimura 2011 , Theerthagiri et al. 2010 . Another common feature is that import mechanisms mediate nuclear scaling by altering the levels and/or identity of structural components of the nucleus. The two examples noted so far are the Tetrahymena linker histone H1 isoforms, which may influence nuclear size by regulating the degree of chromatin compaction, and the Xenopus nuclear lamins, which may determine the degree of nuclear expansion. Lamin or lamin-like proteins are good candidates for nuclear scaling factors that could directly modulate nuclear size. Although not all species contain a recognizable lamina, evidence exists that proteins with similar domain architecture, localization, and function to that of lamins serve a homologous function in yeast (Hattier et al. 2007 , Taddei et al. 2004 , Arabidopsis thaliana (Dittmer et al. 2007) , and Dictyostelium (Kruger et al. 2012) . A Drosophila lamin-like protein, kugelkern (Kuk), is required for nuclear elongation and expansion that occurs during cellularization (Brandt et al. 2006) (Figure 3b) . Ectopic Kuk expressed in Xenopus tissue culture cells localizes to the NE and causes significant nuclear growth.
Although the functional relevance of nuclear scaling has not been demonstrated clearly in any system, nuclear scaling seemingly must have physiological consequences. During early development in many organisms, there are dramatic changes in the N/C ratio that determine the timing of developmental transitions such as the MBT (Clute & Masui 1995 , Newport & Kirschner 1982a . It is tempting to speculate that nuclear size might play a functional role in this process. Scaling of nuclear size by Drosophila Kuk seems to be functionally important because its depletion alters heterochromatin organization during cellularization, and a set of early zygotic genes fails to be upregulated appropriately. However, cellularization still proceeds normally, and Kuk-deficient flies are viable and fertile, which suggests that redundant mechanisms act to ensure successful developmental progression.
Nuclear import plays central roles in both cell differentiation and transformation, which may be mediated through nuclear scaling effects. A programmed switch in the expression of importin α isoforms is critical for differentiation of embryonic stem cells into disparate cell lineages (Yasuhara et al. 2007 (Yasuhara et al. , 2009 ). Cancer cells with enlarged nuclei almost always represent more aggressive metastatic disease, and pathologists have long used nuclear size to stage various cancers (Blom et al. 1990; Khan et al. 2003; Mossbacher et al. 1996; Ottesen 2003; Tan et al. 2001; Veltri et al. 1994 Veltri et al. , 2000 . Higher importin α expression is associated with more aggressive tumor growth (Dahl et al. 2006 , Gluz et al. 2008 , Wang et al. 2010 , and altered nuclear transport is observed frequently in transformed cells (Poon & Jans 2005) . The cause and effect relationships between these processes and nuclear size changes remain to be elucidated.
How might nuclear scaling affect cell function? Within the nuclear space, chromosomes and genes are arranged nonrandomly. Spatial proximity of specific genes underlies the chromosomal translocations that give rise to many cancers, especially leukemias and lymphomas (Meaburn et al. 2007 ). Furthermore, the threedimensional positioning of chromatin and its attachments to the NE influence gene expression profiles (Cope et al. 2010) . In one recent illustrative example, nuclear import of the phosphatidic acid phosphatase lipin 1 caused nuclear organization and shape changes that coordinated signaling from the nutrient-sensing mTOR complex with SREBP transcriptional activity, thereby modulating cholesterol and fatty acid biosynthesis (Peterson et al. 2011 ). Thus, nuclear size control and scaling are likely to impact subnuclear organization and function.
SCALING OF THE MITOTIC APPARATUS Spatial Coordination of the Spindle, Chromosomes, and Cytokinetic Furrow
An essential scaling event occurs during cell division, as microtubules of the mitotic spindle must segregate chromosomes the proper distance apart and signal to the cell cortex to specify the formation and orientation of the cleavage furrow. These processes require precise spatial coordination, which depends on correct size relationships within the entire apparatus. The spindle and cytokinetic ring must adjust to the size of the cell, and to be fully segregated, mitotic chromosomes must not exceed half the length of the spindle at anaphase. Because the consequences of mitotic errors are dire, cell division mechanisms must be tailored to a wide range of cell shapes and sizes. Recently, examination of size relationships during cell division has become an active area of research, although few underlying molecular mechanisms have been defined.
Perhaps the most dramatic scaling of the mitotic apparatus occurs during development, when cellular dimensions and contexts are changing rapidly. In animal oocytes, for example, the cortically localized female meiotic spindle lacks astral microtubules and segregates meiotic chromosomes a short distance into the polar body (Verlhac et al. 2000) . In Xenopus, the rapid cell divisions following fertilization are accompanied by a dramatic change in spindle size and morphology, as astral microtubules form and chromosomes are separated long distances (Wuhr et al. 2008) . Later in development, the mitotic spindle and chromosomes must adjust to the confines of smaller and smaller cells. In Caenorhabditis elegans embryos, the size and elongation rate of the spindle scale with cell size (Hara & Kimura 2009 ). Cytokinesis also operates over a wide range of cell sizes through recruitment of actomyosin contractile machinery at the plasma membrane, which sets the initial ring size to the diameter of any cell. Interestingly, an analysis of C. elegans embryos revealed that ring constriction occurs initially at a constant rate and then at a rate proportional to ring perimeter, such that cytokinesis completes in the same amount of time in different-sized cells (Carvalho et al. 2009 ). Similarly, Calvert et al. (2011) recently observed that larger cytokinetic rings constrict faster in the filamentous fungus Neosporra crassa, which exhibits a wide range in hyphal circumference. However, unlike in C. elegans, a size-dependent increase in the starting concentration of myosin was observed, which remained constant during constriction. Presumably, cleavage of different-sized cells also requires adjustment of membrane delivery and remodeling activities. Aside from mechanism, even the phenomenology of size relationships in dividing cells in many systems remains poorly characterized.
Xenopus Meiotic Spindle Scaling
Spindle architecture and function have been studied for many decades in a wide variety of organisms. Although various manipulations can alter the size and shape of the spin- As for nuclear size regulation, the differentsized species of Xenopus frogs provided a unique tool to identify underlying scaling factors. Egg extracts prepared from X. tropicalis assembled smaller meiotic spindles than those from X. laevis. Similar to the situation for nuclear scaling, mixed extracts produced spindles of intermediate sizes, and spindle size was influenced more weakly by the amount of DNA, which indicates that intrinsic, dose-dependent cytoplasmic activities are operating ). This established a system to investigate mechanisms of spindle scaling by identifying differences in spindle microtubule behavior in the two extracts and then determining whether the proteins responsible function as regulatory factors.
As a guide to parameters that could scale spindle length, a 2D model of meiotic spindle assembly was utilized, which predicted that changes in microtubule stability, either through plus-end catastrophe frequency or minus-end depolymerization rate, could easily change spindle length (Loughlin et al. 2010) . Because plus-end catastrophe frequency was shown previously to be similar in metaphase-arrested egg extracts ), microtubule depolymerization was assayed using fluorescent, taxol-stabilized microtubules and was found to be much higher in X. tropicalis egg cytoplasm than in X. laevis, owing to greater activity of the microtubule-severing enzyme katanin, a heximeric AAA ATPase (Hartman et al. 1998 , McNally & Vale 1993 (Figure 4a) . Consistent with katanin's function as a spindle scaling factor, greater amounts were observed at X. tropicalis spindle poles, and its inhibition increased spindle length to a greater degree in X. tropicalis compared with X. laevis (Figure 4b) . Protein levels in egg extracts and activity of the recombinant catalytic p60 subunit of katanin were similar for the two species. Instead, Loughlin et al. (2011) found that a posttranslational mechanism was responsible for spindle-length scaling by katanin, as X. tropicalis p60 lacks an inhibitory Aurora B kinase phosphorylation site that is present in X. laevis p60 (Figure 4c) .
Anaphase Mechanisms and Chromatin Compaction Allow Chromosome Segregation over Different Length Scales
Individual chromosome lengths can vary considerably, but maintaining length within a defined range is essential. In the fava bean, Vicia faba, experimentally increasing the length of one chromosome arm caused growth and developmental defects that did not occur when total genome length was increased by the same amount (Schubert & Oud 1997) . Cytological analysis revealed that sister chromatids with elongated arms failed to separate fully during anaphase, which often resulted in chromatin bridges between daughter nuclei and the subsequent formation of micronuclei. In these experiments, the spindle did not lengthen to accommodate the larger chromosome arm, which suggests that spindle size places a limit on maximum chromosome arm length.
Does chromosome size therefore scale with cell and spindle size? Again Xenopus provides excellent approaches to explore scaling phenomena (Kieserman & Heald 2011) . Unlike nuclei or spindles, mitotic sperm chromosomes assembled in X. laevis and X. tropicalis egg extracts were similar in size. To address whether in vitro reactions could recapitulate chromosome scaling during X. laevis development, G2 nuclei were isolated from different stages and incubated in metaphase-arrested egg extracts (Figure 5a) . Mitotic chromosomes derived from the nuclei of cleaving embryos through development to the blastula stage were similar in size to replicated sperm chromosomes. However, mitotic chromosome scaling was evident from the blastula-to-neurula stage, as chromosome area decreased approximately 50%: Chromosomes became shorter and thinner, akin to the trend in size changes observed in fixed embryos (Figure 5b) (Kieserman & Heald 2011 , Micheli et al. 1993 . These findings are consistent with the notion that chromosome size reduction need not occur early in development, when cells and spindles are large and chromosomes are segregated Katanin scales meiotic spindle length in Xenopus. (a) Microtubule severing of fluorescent taxol-stabilized microtubules is greater in Xenopus tropicalis egg extracts than in X. laevis extracts. Two time points are shown, first when egg extract from either species is added to the microtubules (0 min) and then the same field 3 min later. The microtubules remain largely intact in the X. laevis egg extract but have been severed and depolymerized in the presence of X. tropicalis egg extract. (b) Inhibition of the katanin p60 catalytic subunit through addition of antibodies during spindle assembly lengthens spindles assembled around plasmid DNA-coated beads to a greater extent for X. tropicalis than for X. laevis, consistent with p60's activity as a spindle-length scaling factor in meiotic cytoplasm. Chromatin bead spindles lack centrosomes and kinetochores, and they recapitulate meiotic spindle assembly through a microtubule self-organization pathway (Heald et al. 1996) . (c) Model of how phosphorylation differentially regulates katanin p60 (dark blue rings) in the two frog species. Aurora B phosphorylation of serine 131 reduces X. laevis p60 activity, perhaps by preventing its association with spindle poles, whereas X. tropicalis p60 lacks this site and is more active, shortening the X. tropicalis meiotic spindle relative to X. laevis. Figure adapted from Loughlin et al. (2011) . Abbreviations: P, phosphorylation.
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long distances during anaphase. However, a significant caveat is that we still do not know the actual size of mitotic chromosomes in vivo. Fixation and isolation procedures necessary for measurement of individual chromosomes may distort them, and at this point only relative comparisons can be made.
Interestingly, allowing late-stage embryonic nuclei to swell in interphase egg extract prior to mitotic condensation did not increase mitotic chromosome size, but progression through a full cell cycle in egg extract did (Kieserman & Heald 2011) , which suggests that chromatin modifications that scale chromosome size Chromosome scaling during development in Xenopus. (a) Schematic of method to compare size of mitotic chromosomes condensed in vitro. G2 nuclei from different stages of development were prepared and combined with metaphase-arrested egg extract. Following nuclear envelope breakdown, mitotic spindles formed. Chromosomes were allowed to condense fully and then were isolated, measured, and compared. (b) Graph of mitotic chromosome areas from nuclei at different stages of development. Mitotic chromosome area reduced significantly after stage 9. Figure adapted from Kieserman & Heald (2011). might be altered during S phase. Chromosome scaling factors have not yet been identified in any system. Possibilities include core and linker histone isoforms, which affect chromosome compaction (Freedman & Heald 2010) and are known to change during development (Nicklay et al. 2009; Shechter et al. 2009a,b) , or DNA or histone modifications. Structural studies of ISW1a support a protein ruler model, whereby this chromatin remodeling factor sets the spacing between two adjacent nucleosomes (Yamada et al. 2011) . Differences in lowerorder chromosome organization subsequently could affect determinants of higher-order mitotic chromosome architecture, such as condensin or topoisomerase II (Belmont 2006 , Hudson et al. 2009 ). Shintomi & Hirano's (2011) recent finding that the relative levels of condensin I and II alter chromosome shape in egg extracts is particularly intriguing. The molecular nature and function of chromosome scaling factors, as well as the effects of altering them in vivo, will be of great interest.
Scaling of Chromosomal Elements
In addition to scaling of the entire chromosome, cases in which different chromosomal elements demonstrate or fail to demonstrate scaling relationships are also interesting. Kinetochores assembled on centromeric DNA serve as attachment sites for spindle microtubules and are essential for proper chromosome segregation. Whereas centromere function is conserved, centromere sequence and size are quite divergent. Centromeric DNA length spans 3-4 orders of magnitude over a 300-fold difference in genome size (Bloom 1993). Across 11 higher plant species, total centromere volume scaled with genome size, whereas individual centromere size scaled with chromosome length (Bennett et al. 1981) . Consistent with correlations in centromere size, the ratio of the number of kinetochore microtubules to genome size remains fairly constant (Bloom 1993) . The number of kinetochore microtubules associated with a given chromosome generally scales linearly with the size of the chromosome (Fuge 1977a,b) , although this correlation is not absolute, and some kinetochore size variability likely arises from the evolutionary history of individual chromosomes (Moens 1979) . Measurements of kinetochore size variation in mammalian chromosomes support the idea that a lower but not an upper limit to kinetochore size exists (Cherry et al. 1989) . Larger chromosomes may require more microtubules to generate sufficient force for their movement during mitosis, and large kinetochores may be necessary to increase the efficiency of microtubule capture. Other DNA elements that exhibit scaling relationships are telomeres, repeated DNA sequences at the ends of linear chromosomes that protect against DNA loss and prevent inappropriate recombination and fusion events. In human cells, telomere length scales with chromosome arm length (Wise et al. 2009 ). Mechanisms that regulate scaling of centromere or telomere size are unknown and must have evolutionary significance.
General Principles of Scaling During Early Development
On the basis of published data from Xenopus, we can begin to compare the changes in size of nuclei, spindles, and chromosomes during development (Kieserman & Heald 2011 , Levy & Heald 2010 , Wuhr et al. 2008 (Figure 6 ). All three structures begin to decrease in size near the MBT (stage 8), although nuclear diameter appears to decrease more linearly, and spindle and chromosome length changes occur more precipitously. Although absolute measurements, particularly of mitotic chromosomes, may be inaccurate, relative comparisons shed light on how chromosome segregation mechanisms adjust to differences between meiosis and mitosis and to the subsequent rapid cell size changes that occur during embryogenesis (Figure 7) . A closer correlation between spindle and mitotic chromosome size is logical considering that these components must be coordinated to permit proper chromosome segregation in different-sized cells. The anastral spindle at the cortex of an egg in metaphase of Meiosis II Embryo stage
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Figure 6
The graph depicts a compilation of documented scaling relationships for nuclear diameter (Gerhart 1980 , Levy & Heald 2010 , spindle length (Wuhr et al. 2008) , and mitotic chromosome length (Kieserman & Heald 2011 ) during early Xenopus laevis development. Measurements of nuclear size made from embryos arrested with cycloheximide (to ensure complete karyomere fusion and visualization of intact nuclei) are shown as filled diamonds and may overestimate nuclear size, especially at early time points. Data collected from embryos in situ are shown as open diamonds (Gerhart 1980) . Chromosome length measurements were derived from an in vitro system, except for estimates of meiosis II chromosomes, which were based on measurements in unfertilized eggs. This graph is useful only for comparing relative size changes, and all measurements may not accurately represent in vivo values.
meiosis II is very small compared with the size of the cell, and meiotic chromosomes are very short, which permits their segregation into a small polar body with minimal loss of cytoplasm (Figure 7a) . From the first mitotic division until the MBT at stage 8, mitotic spindles are up to twice the length of the meiotic spindle (Wuhr et al. 2008) , and mitotic chromosomes prepared from early embryos are also large, frequently exceeding half the metaphase spindle length. However, anaphase B mechanisms likely can accommodate long chromosomes, because asters at the spindle poles move hundreds of micrometers apart to the center of daughter cells (Figure 7b ) (Wuhr et al. 2009 ). As cell size decreases, the spindle eventually shortens to adjust and can no longer accommodate large chromosomes because anaphase B movements are constrained (Figure 7c) . In addition to differences in spindle architecture and dynamics, cell cycle regulation of chromosome condensation factors such as condensin (Bazile et al. 2010) , as well as Aurora B activity at the spindle midzone during anaphase, provides other mechanisms to ensure complete chromosome separation (Lipp et al. 2007 , MoraBermudez et al. 2007 , Neurohr et al. 2011 .
SCALING OF OTHER ORGANELLES
There is a general lack of information on whether the sizes of many cellular organelles and structures scale with cell size. Such analyses are complicated by the great degree of interorganellar communication (Nunnari & Walter 1996) and technical difficulties in accurately quantifying organelle dimensions. Nonetheless, it is worth touching briefly on possible size control mechanisms and how they might apply to scaling of particular organelles.
One model for organelle size control is that the amount of a component of the organelle limits size (Marshall 2002 (Marshall , 2008 ), as appears to be the case for the yeast spindle pole body (Bullitt et al. 1997 , Elliott et al. 1999 as well as the length of cilia and flagella in some cell types (Coyne & Rosenbaum 1970 , Norrander et al. 1995 , Stephens 1989 . Such a mechanism could contribute to scaling if the concentration of contents does not change with cell size. Another static mechanism for organelle size control is one in which the size of a component acts as a ruler to set the overall size of the structure, as it does for length control of bacteriophage tails and flagellar hooks (Marshall 2004 ). More dynamic mechanisms of size control and scaling likely apply to membrane-bound organelles and organelles involved in vesicular trafficking.
One such dynamic mechanism involves size-dependent feedback, such that signaling from the organelle modulates its own homeostasis, as appears to be the case for a particular class of peroxisomes in some filamentous fungi (Liu et al. 2011) . Another dynamic mechanism is one in which morphogenetic components of the organelle mediate scaling, as may be the case for the ER. Levels, isoforms, and modifications of reticulons might influence the proportion of ER tubules (Voeltz et al. 2006 , West et al. 2011 , whereas atlastins that fuse ER tubules could determine the density of threeway junctions (Hu et al. 2009 , Orso et al. 2009 ). Membrane amount might be another factor that contributes to ER scaling. For instance, Schuck et al. (2009) showed that ER size increased through upregulation of lipid biosynthesis in response to ER stress in yeast.
In addition, a balance of continuous assembly and disassembly exhibited by many membrane-bound organelles appears to contribute to their size (Chan & Marshall 2010 , Marshall 2002 . Scaling between differentsized cells could be regulated by differences in rates of assembly and/or disassembly, as might be the case for the Golgi complex. To our knowledge, it has not been reported in any system how Golgi complex size scales with cell size, although some quantification of Golgi three-dimensional structure has been performed on the basis of cryo-electron tomography (Ladinsky et al. 1999 , Marsh et al. 2001 . Golgi size is regulated by the membrane influx/efflux ratio, which may, in turn, be regulated by the expression level of Golgi resident proteins and transport factors (Sengupta & Linstedt 2011) . These pathways could very well turn out to function in a scaling capacity.
FUTURE PROSPECTS
The question of intracellular scaling has fascinated cell biologists from the moment cellular structures were first visualized. Recent mechanistic studies have identified factors that function to scale nuclear and spindle size, but in just a few cases, and much remains to be learned. Nuclear transport regulated by importins, nuclear pore components, and structural cargoes provides multiple mechanisms for scaling nuclear size, but the fundamental question of how nucleocytoplasmic ratio is determined remains an open and fascinating question. Importins and their cargoes also regulate spindle assembly (Walczak & Heald 2008) , and time will tell whether nuclear and spindle scaling share common features. Microtubule stability appears to be a robust mechanism for determining spindle length in Xenopus egg extracts, and we predict that factors controlling microtubule dynamics will scale spindle length in other systems. Unlike nuclear and spindle size, which are governed by cytoplasmic factors in egg extracts, mitotic chromosome dimensions depended on the embryonic stage of the nucleus and were altered only upon progression through an entire cell cycle in vitro (Kieserman & Heald 2011) . Identification of mechanisms and factors that regulate mitotic chromosome dimensions may shed light on mitotic chromosome architecture, which is understood poorly.
Xenopus in vitro systems have proven to be excellent for identification of intrinsic scaling mechanisms and factors. The contribution of extrinsic forces that depend directly on cell size will be more difficult to elucidate and will await the development of controlled encapsulation systems, in which identical cytoplasm is confined within volumes of defined sizes. Given the complex morphology of vesicular organelles and that we are only beginning to understand mechanisms of assembly and disassembly, scaling relationships for many organelles have not yet been well documented in any system. New microscopic and computational techniques will allow for better quantification, for instance, of ER size and morphology (Bouchekhima et al. 2009 , Friedman & Voeltz 2011 , West et al. 2011 . Biochemical approaches, whereby organelle assembly and disassembly can be analyzed in vitro, may also prove useful and have been developed for mitochondria (Meeusen et al. 2004 ) and ER (Dreier & Rapoport 2000) . Also important will be selection of appropriate systems to investigate physiological organelle scaling. Yeast and Xenopus undoubtedly will continue to prove fruitful, although other model organisms may be developed and tailored to studies of specific organelles.
Once scaling relationships are documented, mechanisms that account for these relationships can be uncovered. Ideally, unbiased approaches are used to identify scaling factors by making use of biochemical fractionation or genetic screens. Alternatively, candidate approaches can be employed by drawing on what is known about the molecules and mechanisms of size control for the organelle of interest. The final frontier in organelle scaling is dissecting its functional significance, which is difficult to glean in the absence of mechanism. Nonetheless, abundant evidence underscores the importance of organelle size for cell viability, development, and disease. In the future, by modulating organelle size within the scaling system used to identify mechanism, the contribution of organelle scaling to cell and organism function will be elucidated. Overall, the field of intracellular scaling is entering an exciting phase in which fundamental questions of size coordination in biology are being addressed at a mechanistic level.
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